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In modern aerospace applications, the autonomous monitoring of a craft’s motion during
the EDL stage of an interplanetary mission has become increasingly important for the mission’s
success. Descent tracking data can be used to trigger an autonomous craft’s recovery events,
adjust a craft’s descent trajectory, map the topology of a planetary body’s surface, or verify the
success of a mission. This paper investigates the reliability and robustness of a descent tracking
system that incorporates data collected from both a Light Detection and Ranging (LIDAR)
module and Inertial Measurement Unit (IMU). An apparatus has been developed and tested
which implements the proposed system and demonstrates its accuracy and usefulness. The
LIDAR data is utilized to continuously record the tested vehicle’s distance from a surface with
high resolution. IMU acceleration data provides valuable information regarding the dynamics
of the craft during its EDL stage (e.g. parachute deployments, landing impact). The studies
in this paper suggest that this sensor suite and its associated software allow for closed-loop,
real-time, autonomous control.

I. Nomenclature
AGL
=
EDL
=
IMU
=
LIDAR =
VADL =

Above Ground Level
Entry, Descent, and Landing
Inertial Measurement Unit
Light Detection and Ranging
Vanderbilt Aerospace Design Laboratory

II. Introduction
A. Motivation
n the Entry, Descent, and Landing (EDL) phase of a spacecraft’s flight, it has become increasingly pertinent to record
and understand dynamics and motion so that the craft may make autonomous adjustments and land safely. In planetary
exploration, this is especially relevant as the time scale for communication with a craft is much larger than the time scale
of adjustments needed during descent to a surface. As a result, the craft must have the ability to understand its own
motion and act accordingly autonomously. The VADL has particular interest in this understanding for application to an
autonomously orienting and imaging planetary lander design. This design, which relies on parachute-controlled descent
to planetary surfaces, requires detachment of the parachute upon touchdown to prevent the craft from being dragged
or toppled. For this reason, the relative position of the lander to the surface is critical for determining an appropriate
position and time to trigger the parachute release mechanism. The purpose of this article is to investigate the integration
of these components (LIDAR and IMU) into a functioning ground detection system.
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B. Background
Traditionally, altimeters calibrated for atmospheric operation provide a reliable form of measuring altitude above
ground; however, there are ample causes for lapses in their precision. Pressure changes due to wind, general craft
motion, and activation of thrusters or blast charges can be registered as sudden inaccurate increases or decreases in
altitude. When attempting to reliably detect ground, the scale of sensor data must be smaller and data capture must be
robust enough to reject such disturbances. Two sensors that satisfy these needs are LiDAR sensors and IMUs, and can
be used to improve redundancy in detachment criteria.
LiDAR sensors are found across different industries, with a variety of different applications. Several prominent
uses include serving as the sensor in golfing rangefinders, as part of autonomous vehicle sensor suites, and surveying
in construction. While they serve a wide array of uses, all versions operate on the same guiding principle of laser
propagation. All LiDAR systems feature a laser emitter of specific frequency, and a receiver sensitive to that signal
frequency. The unit uses the time between emitting the signal and receiving the reflection to calculate the distance of the
reflecting object.
IMUs can include a suite of different sensors, however most commonly feature a combination of accelerometer,
magnetometer, and gyroscopic sensor. For the purposes of ground impact detection, the acceleration of impact with the
surface is best recorded with the accelerometer.
C. Project Scope
This report is an investigation into the individual functionality of each sensor as well as the integration of both
sensors into a logic suite that can reliably detect ground using real-time analysis. The application of such a system to a
planetary lander has been explored as well and will be discussed throughout the report.

III. Experimental Procedure and Setup
The setup to test the effectiveness of a combined LIDAR/IMU ground detection system first involves configuring the
two sensors to communicate with a RaspberryPi computing module. The model of LIDAR used in this experiment
was the LeddarTech LeddarOne module, capable of sensing up to 40m with an accuracy of +/- 5 cm and operating on
an 850 nm wavelength. The IMU model used in this experiment is the VectorNav VN100 rugged module, capable of
sensing 16 g’s of acceleration with built-in Kalman filtering and a barometric altimeter. The LIDAR communicates via
UART protocol, while the IMU uses serial communication; however, external hardware was used in this experiment to
convert both signals to USB protocol, with which the RaspberryPi is easily capable of interfacing. The RaspberryPi
also requires a dedicated power supply of greater than 5V capable of supplying approximately 3A to eliminate the
danger of electrical brownout. Once the electronic system has been configured and set up using the datasheets for
each electronic component, a scaffold must be constructed to mount and secure each electrical component during the
testing. This experiment was used to develop a system for a planetary lander to be launched on an L-class rocket; Figure
1 shows the way in which the LIDAR was mounted to the lander’s base, which doubled as the nose cone of a launch vehicle.

Fig. 1

LIDAR module mounted in the tip of the nose cone.
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The fact the LIDAR uses an 850 nm wave as its laser necessitated the deliberate choice of an IR transparent material
for the tip of the nose cone/lander base. In industrial aerospace and defense applications, materials like sapphire allow for
high transmission rates on the near-IR spectrum while maintaining structural integrity. In the scope of an undergraduate
university design project, sapphire was cost-prohibitive and another material was selected. Polycarbonate and acrylic,
specifically, have high transmission rates at 850 nm as well and function well in this application. Acrylic was the final
material selection due to the ability to polish away scuffs and marks, a feature unavailable with polycarbonate.
The shape and positioning of the LIDAR sensor are also necessary considerations in the integration of the module.
According to Snell’s Law, the angle of incidence of a light ray between mediums is directly related to refraction and the
resulting direction of the ray. This equation is shown below.
𝑛1 𝑠𝑖𝑛(𝜃 2 )
=
𝑛2 𝑠𝑖𝑛(𝜃 1 )
In this equation, 𝑛1 and 𝑛1 represent the refractive index of each medium, and 𝜃 1 and 𝜃 2 denote the angle of incidence
and refraction from the normal to the interface. Ideally, a completely flat plane would best serve the laser as the angle of
incidence and refraction in either direction would be nearly 90◦ . Due to integration concerns with the launch vehicle,
however, the forward-most geometry of the nose cone must be aerodynamic to support efficient vehicle flight. In
response to this constraint, the design team identified a hemisphere as the next best option. A hemispherical tip on the
end of the cone meets the aerodynamic requirement for the launch vehicle, but with a wide enough diameter that the
forward-most point is nearly a flat plane. It is for this reason that the LIDAR module is placed slightly off-center, such
that the receiver is directly in line with this nearly-flat plane.
Figure 2 shows the IMU mounted to the nose cone/lander base. This mount (and the LIDAR mount) were created
using a 3D-printer from PLA filament.

Fig. 2

IMU module mounted to the inside of the nose cone.

A rendering from CAD software is shown below in Figure 3.
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Fig. 3

CAD rendering of LIDAR and acrylic dome mount.

The RaspberryPi and battery were mounted in a similar manner using 3D-printed PLA parts to retain and secure
them during experimentation. The tested apparatus is shown below in Figure 4. The procedure involved initiating the
data collection electronics (LIDAR and IMU), dropping the assembly on a tethered parachute off of an elevated surface,
and analyzing the collected data to calibrate the system. Once the system had been sufficiently calibrated by recording
the acceleration and LIDAR data from multiple ground impacts, the ground detection logic could be written to attempt
to detect a ground impact using the two sensors.

Fig. 4

Lander apparatus used to test the ground detection system.

The objective of the experiment, once the system had been calibrated, was to verify that the LIDAR and IMU
barometric altitude data matched each other and that ground impact could be repeatably and reliably detected using the
parameters obtained from calibration.

IV. Results and Discussion
After performing drop experiments fifteen times, the design team could calibrate the system properly and obtain
reliable ground detection signals from the implemented logic. The logic suite in control of the ground detection system
is shown in Figure 5. The LIDAR and IMU govern the primary ground sensing paths, while, in the event of their failure,
timers are implemented into the final product in order to ensure that any recovery events in the aerospace payload are
4

triggered regardless of proper sensor functioning. Specifically, a cool-down timer prevents early detection due to sensor
malfunction, and a timeout clock ensure that after an appropriate amount of time, it can be assured that the lander is on
the ground an override the parachute release. This allows for redundancy in the event of a sensor failure.

Fig. 5

Logic for the ground detection system proposed for use on the team’s planetary lander payload.

An example of the comparison between experimental LIDAR and barometric altitude IMU data is shown in Figure
6 below. As is evident in the figure, the variance between the two datasets is minimal, with an average of 0.2%
error between the two sensors. It is also noticeable in the picture that the LIDAR does not begin functioning until
approximately 130 ft AGL (40 m), which was expected based on the LIDAR module’s specification sheet.

Fig. 6

Comparison between the collected LIDAR data and barometric altitude data from the IMU.
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An example plot of the collected IMU data is shown below in Figure 7. This plot shows that, partially due to the
effectiveness of the Kalman filtering implemented in the circuitry of the VectorNav module, there is a distinct spike in
the acceleration magnitude upon ground impact.

Fig. 7

IMU acceleration spike at landing.

Using the data collected from the experiments, the logic for a reliable ground detection system was created. The
magnitude of the acceleration seen by the IMU was calculated using the equation:
q
|𝑎| = 𝑎 2𝑥 + 𝑎 2𝑦 + 𝑎 2𝑧
and compared to the threshold value obtained from experimentation (30𝑚/𝑠2 ). If the measured value exceeds the
threshold, an impact is signaled by the IMU; however, until the LIDAR also detects a short enough distance, ground
impact is not triggered by the central computing unit (RaspberryPi). Once the LIDAR registers a height above ground
of less than 0.5𝑚 and the IMU registers an impact, the ground is considered to have been detected, and any recovery
events are initiated by the computer. An example of the successful implementation of this logic protocol is shown by
the data in Figure 8. The team conducted a rocket launch using an in-house fabricated launch vehicle with the goal of
testing this ground detection system in the context of a planetary landing system payload.
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Fig. 8 Flight data from a rocket launch intended to test the reliability of the ground detection electronics system
and logic suite. Ground was successfully detected, as denoted by the dashed blue line.

V. Conclusion
As shown by the data collected in the experiments, a combination of a suitable LIDAR and IMU sensor combination
can be reliably and repeatably used to detect the ground impact of an aerospace payload during its EDL mission stage.
Depending on the method of descent and the strength of impact, landing accelerations are easily distinguishable from
noise using a sufficiently filtered IMU signal. LIDAR is an extremely promising option for ground detection due to its
ability to function in nearly any environment, so long as the IR noise in the environment does not significantly disrupt
the LIDAR’s functioning. The research team intends to continue to refine and test the ground detection system similarly
to the procedures shown above in order to perfect this method of ground detection.
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